Dephasing Time of Two-Dimensional Holes in GaAs Open Quantum Dots 
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We report magnetotransport measurements of two-dimensional holes in open quantum dots, pat- 
terned either as a single-dot or an array of dots, on a GaAs quantum well. For temperatures T 
below 500 mK, we observe signatures of coherent transport, namely, conductance fluctuations and 
weak antilocalization. From these effects, the hole dephasing time t^, is extracted using the random 
matrix theory. While shows a T-dependence that lies between T _1 and T~ 2 , similar to that 
reported for electrons, its value is found to be approximately one order of magnitude smaller. 
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Spintronic devices 0, which aim to manipulate car- 
riers' spin, are promising candidates to replace classical 
electronic devices and have been intensively studied dur- 
ing the last decade. Within this context, characteris- 
tic transport times such as the dephasing time and 
the spin relaxation time are of paramount importance. 
Most investigations have focused on these characteristic 
times for electrons in two-dimensional systems, quantum 
wires, and quantum dots Q for different materials in- 
cluding GaAs 0,3 and InGaAs Up to now, only 
few studies have been carried out on p-type nanostruc- 
tures because their experimental study is made diffi- 
cult by the small amplitude of the holes' quantum inter- 
ference effects. However, holes are good candidates for 
the emerging fields of spintronics and quantum comput- 
ing. In particular, the use of holes has been suggested in 
quantum computing implementations because their spin 
should not couple to the nuclei Moreover, in GaAs 
systems, holes are subject to a stronger spin-orbit cou- 
pling than electrons lift lllj , making them attractive 
for spintronic applications. 

Here we report measurements of for holes in open 
quantum dots. Magnetotransport measurements display 
conductance fluctuations and weak antilocalization when 
the temperature T is lowered below ~ 500 mK. From 
these data, we determine using the random matrix 
theory. The temperature depencence of the measured 
lies between a T _1 and T~ 2 behavior, similar to that 
determined for electrons. Remarkably, its absolute value 
is approximately one order of magnitude smaller. 

The samples were fabricated from a p-type GaAs quan- 
tum well grown by molecular beam epitaxy on a (311) A 
wafer. The two-dimensional hole system (2DHS) has a 
density p = 2.3 x 10 15 m~ 2 and a low-T mobility of 
35 m 2 /Vs ^3 , equivalent to a mean free path of 2.7 /im. 
The 2DHS was contacted with Be/Au ohmic contacts. 
Two different dots with similar shapes but different ar- 
eas (1.4 /xm 2 - Dl and 4.5 ^m 2 - D2) were patterned 
using electron beam lithography and wet etching (inset 
to Fig. QJ. A back-gate and a Ti/Pt top-gate controlled 
the hole density, the shape of the vertical confining po- 



tential, and to some degree, the dots' openings. The mea- 
surements were performed down to 30 mK in a dilution 
refrigerator with the magnetic field B applied perpendic- 
ular to the plane of the 2DHS. The conductance of the 
dots was measured using a standard lock-in technique at 
a frequency of 15 Hz, with a current of 1 nA. 
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1: Upper panel: magnetoconductance of Dl for p = 
2 at T = 30 (bold trace), 70, 130, 200, 300 and 
500 mK. For clarity, traces are shifted upwards by 0.5 e 2 /h. 
A magnetoconductance trace measured in a second cooldown 
is also shown and is shifted downwards by 1.5 e /ft. Inset 
SEM picture of Dl 
for p = 2.3 x 10 15 : 



Lower panel: magnetoconductance of Al 
" 2 at 30 mK. 



We first briefly comment on GaAs 2DHSs. In such 
systems, the spin-orbit interaction is strong and leads 
to a splitting of the valence band into heavy holes (spin 
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= ± |) and light holes (spin = ± \). In the quantum 
well used to fabricate our samples, only the heavy hole 
subband is populated. Moreover, the spin-orbit inter- 
action gives rise to a zero magnetic field spin-splitting. 
The magnitude of this spin splitting can be probed by 
Shubnikov - de Haas (SdH) measurements In this 

work, we investigate two different configurations: p — 
2.3 x 10 15 m~ 2 with an asymmetric confining potential 
(the frequencies measured in the SdH oscillations are 3.7 
and 5.3 T), and p = 1.7 x 10 15 m~ 2 where the quantum 
well is made symmetric by means of the gate voltages 
(the two frequencies then merge to the same value at 3.4 
T). Note that in the latter configuration, even though 
the confining potential is symmetric and only one fre- 
quency is observed in the SdH data, the zero magnetic 
field spin-splitting is still present fl4j| . 

We first present the magnetotransport measurements 
performed on the open quantum dots. The conductance 
g of Dl at p = 2.3 x 10 15 m -2 is plotted in the upper panel 
of Fig.^as a function of B for various temperatures. At 
the lowest temperatures, we observe reproducible mag- 
netoconductance fluctuations (MCFs), symmetric with 
respect to B = T, that can be attributed to quantum 
interferences of holes inside the dot. When T is increased, 
these MCFs are strongly reduced in amplitude and dis- 
appear for T > 500 mK. At these high T's, only the 
slowly varying background remains, caused by ballistic 
effects in the cavity and the reduction of backscattering 
at the quantum point contacts |l5j . From the mean con- 
ductance, we deduce that 5 to 6 modes are populated 
in each quantum point contact. We also note that for 
B > 0.25 T, SdH oscillations are visible on the dot's 
magnetoconductance traces. Similar data were obtained 
at p = 1.7 x 10 15 m~ 2 with two modes in each quantum 
point contact and also for D2 at p = 2.3 x 10 15 m~ 2 
(not shown). Around B = T, a sharp peak is ob- 
served in the conductance of Dl at low T (Fig. ^ upper 
panel). This peak is reminiscent of the weak antilocal- 
ization (WAL) correction to the conductivity. However, 
the superposition of the MCFs, which are comparable 
in magnitude, prevents any quantitative analysis of the 
WAL effect. This is clearly evidenced by a comparison of 
the WAL peak for two different cooldowns (Fig. upper 
panel) . 

In order to average out the MCFs and access the WAL 
correction to the conductivity 0, ^| , we fabricated two 
additional samples made of arrays of 10x10 dots, spaced 
by 10 fim, with cavities similar to Dl and D2. These 
samples are denoted as Al and A2 for the smaller and the 
larger dots, respectively. As expected, the conductance of 
the arrays is made of a slowly varying background, similar 
to that of the single dots, but without MCFs (lower panel 
of Fig.[TJ). For T < 500 mK, a peak associated with WAL 
is observed in the magnetoconductance around B = T 
for both samples and for both investigated configurations 
(Fig. |2l . Because the holes' trajectories enclose a smaller 
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FIG. 2: (Color online) g(B) - g(B = 0) as a function of B 
at indicated temperatures for (a) Al and (b) A2 at p = 2.3 x 
10 15 m -2 as well as (c) Al and (d) A2 at p = 1.7 x 10 15 m -2 . 
Solid lines show the fits of the WAL peak using the RMT. 
The mean conductance (g) at B = is given for each case. 



magnetic flux in a dot with a smaller area, the width of 
the WAL peak is found to be larger in the case of Al 
than A2. Note that our hole WAL peaks spread over a 
B range approximatively 4 times larger than in electron 
quantum dots with comparable areas |l6l Ht| . 

We now come to a more quantitative analysis of our 
data. Generally, electron transport in open quantum dots 
is described using the random matrix theory (RMT). To 
our knowledge, there has been no theoretical attempts to 
study the coherent transport of holes in such nanostruc- 
tures. In particular, an appropriate model for magne- 
totransport in GaAs hole quantum dots, in the spirit of 
the theory developed for WAL in 2DHSs 0, 

would give 

access to both t$ and the spin relaxation time. Although 
the RMT doesn't account for the complex band structure 
of GaAs hole systems under study, it has been recently 
extended in order to take the spin-orbit interaction into 
account 0, |5(J ■ We use this framework to analyze our 
data and start with the study of the WAL peak that 
provides information on both dephasing and spin-orbit 
interaction in the quantum dots. We fit the WAL peak 
using Eq. (13) of Ref. with m* = 0.38 m e , where 
m e is the free electron mass. The fits are shown in Fig. El 
as solid curves. The three parameters of this model are 
T0, t so and c, where t so is the spin-orbit scattering time 
and c is a geometrical factor. For each sample and con- 
figuration, c is determined from the fit to the lowest tem- 
perature traces. We obtain values ranging from 0.03 to 
0.06. The fits indicate that t so is too small (< 10~ n s) 
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to be efficiently probed by the WAL in our samples and 
further confirm that the quantum dots are in a strong 
spin-orbit coupling regime. We therefore extract the hole 
in the quantum dots by setting t so = in the fits. The 
T-dependence of in samples Al and A2 is plotted in 
Fig. and is discussed below. 
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FIG. 3: Dephasing time t# of holes as a function of T. Left 
panel: extracted from the WAL correction to the conduc- 
tivity in samples Al and A2. Right panel: calculated 
from the variance of the MCFs in samples Dl and D2. The 
dotted lines indicate various T dependencies. Error bars are 
determined from uncertainties in the number of modes in the 
quantum point contacts and in the dots' areas. 

The analysis of the MCFs also gives a measure of the 
carrier dephasing time. The RMT allows us to extract 
T(f, from the variance of the dot's conductance, var(g), 
according to [2(1 ]: 



var(g) 



f(E)f(E')cov(E,E')dEdE l , (1) 



where E and E' are energies, f'(E) is the derivative of 
the Fermi function, and cov(E, E') is the conductance 
correlator, given by Eq. (29) of Ref. [2(|. Before cal- 
culating var(g), we isolate the MCFs from the back- 
ground by applying a high-pass filter to the traces [2l| . 
Filtered traces are shown in Fig. 0] for Dl and D2 at 
p = 2.3 x 10 15 tot 2 and T = 30 mK. Once the back- 
ground is removed, we calculate the variance of the MCFs 
in the range 0.04 < B < 0.2 T. The MCFs variance 
is plotted in Fig. 0fc) as a function of T for Dl at 



p = 2.3 x 10 



15 



and p = 1.7 X 10 1 



and for 



D2 at p — 2.3 x 10 15 m -2 . In all cases, var(g) exhibits 
a T~ 2 behavior for T > 70 mK, and tends to saturate at 
lower T. Once the MCFs variance is extracted, we cal- 
culate the hole t$ using Eq. QJ. As established by the 
analysis of WAL, we set t so = in the calculation. The 
value of deduced from the MCFs is shown in Fig.[3Jb) 
as a function of T. 
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FIG. 4: Magnified view of the MCFs of (a) Dl and (b) D2 
at p — 2.3 x 10 15 m -2 and T = 30 mK after background sub- 
traction (see text). The mean conductance (g) is calculated 
in the range -0.2 < B < 0.2 T. (c) Variance of the MCFs as 
a function of T for Dl and D2. The dotted line indicates a 
T~ 2 dependence. 



The hole dephasing time extracted from our data is 
shown in Fig. [31 In Fig. |3{ a) we show extracted from 
the fits to the WAL peak of samples Al and A2. Fig- 
ure |3fb) shows deduced from the variance of samples 
Dl and D2. Below 500 mK, exhibits a T-dependence 
that lies between T _1 and T~ 2 for all cases. While val- 
ues of Tcj) obtained from the MCFs analysis are slightly 
smaller and tend to saturate at low T (< 70 mK), results 
obtained from these two different methods are qualita- 
tively in good agreement. 

The evolution of with T is very similar to that re- 
ported for electrons in GaAs open quantum dots |EH>El< 
However, the absolute value of is approximately one 
order of magnitude smaller in the case of holes. Gener- 
ally, the expected mechanisms leading to dephasing at 
low T in quantum dots are carrier-carrier scattering 
as well as geometrically related mechanims such as dwell- 
time limiting effect [g and environmental coupling |22| . 
We recall that at temperatures where is not saturated, 
dephasing in electron quantum dots is well described by 
the Fermi liquid theory for 2D disordered systems [J, |5j . 
Within the framework of this theory, resulting from 
carrier-carrier scattering [23| is expected to decrease by a 
factor of ~ 3 for holes with respect to electrons because of 
their smaller Fermi energy and the lower mobility of the 
2DHS. This reduction factor does not explain the small 
value of Ttj, extracted for our quantum dots. However, 
Fermi liquid theory has been formulated for electrons and 
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might not be directly applicable to 2D holes. Moreover, 
in 2DHSs other mechanisms like intersubband scattering 
can contribute to the total hole dephasing. 

We compare extracted in our dots with values mea- 
sured in the 2DHS. Unfortunately, in GaAs (311) 2DHS, 
the magnetoconductance around B = T originates from 
a combination of different factors ji^l, making the ex- 
traction of T0 difficult. Nevertheless, measurements of 
have been reported for p-type (100) GaAs and In- 
GaAs quantum wells [25| . Extracted values of in these 
2DHSs are consistent with measured in our quantum 
dots. This indicates that the small value of 70 observed 
in our samples is not determined by the confinement and 
is likely related to scattering mechanisms in the 2DHS. 

In conclusion, we performed magnetotransport mea- 
surements in holes confined to GaAs open quantum dots. 
We observe clear evidence of coherent transport (MCFs 
and WAL) inside the dots when T is lowered below 500 
mK. We analyse these coherent effects using the RMT 
developed for spin-i carriers. We show that the quan- 
tum dots are in a strong spin-orbit coupling regime and 
extract a hole r^. While the T-depencence of is qual- 
itatively similar to that reported for electrons, holes are 
found to be subject to a stronger dephasing than elec- 
trons. 
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